ABSTRACT: Nursery pigs are vulnerable to environmental risks associated with the microclimate and aerial contaminants. This study was carried out to assess the effect of microclimate (i.e., temperature, relative humidity, and air speed) on the quantity of particulate matter (PM), airborne bacteria, and odorants in nursery houses. Data were collected from 15 farms in different locations throughout South Korea during 4 seasons; daily sampling times were from 1000 to 1100 h in the morning. A nonparametric correlation analysis revealed correlations between microclimate variables and airborne contaminants in different seasons. Over the entire year, negative correlations were observed between temperature, air speed, and some odorous compounds (P < 0.05). Furthermore, negative correlations were observed between temperature, air speed, and relatively large airborne particulates, such as PM 10 (PM mean aerodynamic diameter ≤10 μm), PM 7 (PM mean aerodynamic diameter ≤7 μm), and total suspended particles (P < 0.05). A possible reason for these negative correlations is that increased ventilation at an increased room temperature could transfer most airborne particulates that are carried with odorous compounds out of the nursery houses. On the other hand, because of the sensitivity of coliform bacteria to temperature, positive correlations were observed between temperature and total coliform and Escherichia coli counts (P < 0.01). Because it is a challenging task to control the quantity of aerial contaminants in nursery houses, the relationships between the microclimate and airborne contaminants established in this study could be used to reduce those contaminants by controlling microclimate variables. The correlations established in the current study could also be helpful in establishing guidelines for good management practices in nursery houses.
INTRODUCTION
The nursery stage is generally considered the most environmentally responsive in the life cycle of pigs. Particulate matter (PM), airborne bacteria, and odorous compounds are the most serious factors affecting piglets in the aerial environment of the nursery house, and their influences are dependent on animal management practices and the structure of the house (Cole et al., 2000) .
Airborne particulates, generated from feed, skin debris, bedding material, and dried manure (Maghirang et al., 1995) , can deposit in the nasal passages and respiratory tract and cause damage to lung tissues (Carpenter, 1986) . Furthermore, some airborne bacteria can cause or trigger lung-related diseases in workers and pigs (Donham et al., 1989; Seedorf et al., 1998) . Odors can also become a serious social issue because of the offensive smell, and excessive odors can create discomfort among farm workers and reduce their labor efficiency (Kim et al., 2007) . Ammonia and sulfuric compounds are representative odorous compounds related to pig production (Cai et al., 2006) . Particulate matter, airborne bacteria, and odorants are the main concerns in managing the livestock environment. Some researchers have attempted to investigate the relationship between aerial contaminants and microclimate variables. Vučemilo et al. (2008) evaluated the effect of microclimate on airborne dust and endotoxin concentrations in a broiler house. Kim et al. (2005) correlated aerial contaminants and thermal environment factors in growing-finishing pig houses in winter. However, insufficient effort has been devoted so far to assessing the causal relationships between microclimate and airborne contaminants. Limited information is available on the relationships between microclimate and major contaminants in nursery houses. Therefore, the objective was to assess the effect of microclimate on the quantity of PM, airborne bacteria (total airborne bacteria, coliforms, and Escherichia coli), and odorous compounds (NH 3 and sulfuric compounds) in nursery houses.
MATERIALS AND METHODS
Animal housing and care were conducted under the supervision of the National Veterinary Research and Quarantine Service of South Korea (Anyang-si, Gyunggi-do). The handling protocols ensured proper care and treatment of all the animals, in conformity with the Korean law on animal protection. Conditions of the nursery pigs were monitored by checking the surface temperature of the nursery pigs via infrared camera (Infracam, FLIR, Wilsonville, OR) .
Experimental Design
The study was conducted in spring (March to April), summer (June to July), fall (September to October), and winter (December to January) from 2007 to 2008 on 15 commercial pig farms located in 6 provinces of South Korea, such that all pig farm locations were represented in all seasons. South Korea is affected by the East Asian monsoon, and it has a humid continental climate in winter and a humid subtropical climate in summer. The mean temperature across all of South Korea ranges from −7 to 1°C in winter and from 22°C to 30°C in summer. Temperature differences among the 6 provinces were less than 2°C (Ministry of Environment Republic of Korea, 2008) . Capacity of the pig farms ranged from 75 to 1,000 sows; however, sizes of the nursery houses were similar, and the stocking density was approximately 2.18 nursery pigs/m 2 . Data were collected in nursery houses with piglets from 5 to 8 wk of age and ranging from 15 to 35 kg (Esmay and Dixon, 1986) . Floors of the nursery houses were made of concrete, with half-slatted floors and pit manure collection systems. The depth of the pit was 0.4 to 0.5 m and the manure storage period was 1 mo. Walls were made of brick, with tiles on the indoor side and with Styrofoam on the outer sides for insulation. All the nursery houses were operated with both mechanical and natural ventilation systems.
Measurements of Experimental Variables
Sampling Points and Time. The microclimate variables were measured at 9 points inside each nursery house (Figure 1 ) at 0.2 m above the floor, which corresponded to the nose height of the piglets. Special screen covers were made to protect the instruments from the piglets. However, for PM, airborne bacteria, and odorous compounds, it was not easy to keep the instruments safe with only the screen covers; therefore, samples were collected only from 3 points in the aisle outside the pens. Data were collected between 1000 and 1100 h in the morning after feeding and at 3 times/ farm in each season. The arithmetic means of the each variable were calculated and SD were calculated before further statistical analysis. All samples were collected on sunny days because of the limitations of climate and equipment safety.
Microclimate Variables. Air temperature and relative humidity were measured with a hygrothermograph (SK-110TRH, SATO, Tokyo, Japan). Air speed was measured with an anemometer (model 6112, KA-NOMAX, Osaka, Japan).
PM. Particulate matter was checked with an aerosol mass monitor (GT-331, SIBATA, Soca-city, Japan), and the mass concentrations of PM 10 (PM average aerodynamic diameter ≤10 μm), PM 7 (PM average aerodynamic diameter ≤7 μm), PM 2.5 (PM mean aerodynamic diameter ≤2.5 μm), PM 1 (PM mean aerodynamic diameter ≤1 μm), and total suspended particles (TSP) were obtained simultaneously, with a flow rate of 2.83 L/min. Airborne Bacteria. Airborne bacteria counts were measured using a microbiological air sampler (MAS-100 Eco, Merck, Darmstadt, Germany) with a standard Petri dish (90 × 15 mm, SPL Life Sciences, Pochun-si, Korea). Tryptic soy agar (Merck) was used for enumeration of total airborne bacteria, and Chromocult Coliformen agar (Merck) was used for coliforms and E. coli. After sampling, the plates were incubated at 37°C for 48 h, and the colonies were counted and calculated as colony-forming units per cubic meter of air.
Odorant Analysis. For ammonia analysis, the samples were collected by a low-volume air sampler (No. 800510, Gilian, Clearwater, FL) at a speed of 2.0 L/min for 3 min, absorbed by 0.5% boric acid. An indophenol method was used, which was based on the formation of an indophenol blue pigment when phenol reacted with hypochlorite in the presence of ammonia (Weatherburn, 1967; Lewandowska and Falkowska, 2004) . The detection limit for NH 3 was 0.44 mg/L.
For the sulfuric compounds dimethyl sulfide (DMS) and dimethyl disulfide (DMDS), air was sampled for 5 min into a 10-L Tedlar bag (No. 22053, Restek, Bellefonte, PA), which was connected with a Teflon septum fitting to a low-volume air sampler (No. 800510, Gilian, Clearwater, FL), with a flow rate of 2.0 L/min. After sampling, the Tedlar bags were immediately transported to the laboratory and analyzed within 5 h by using solid-phase microextraction (SPME) fibers (Supelco, Bellefonte, PA); the fiber type was 75-μm Carboxenpolydimethylsiloxane. Samples were extracted by SPME fibers for 10 min with a manual fiber holder from Supelco. After extraction, the SPME fiber was removed from the Tedlar bag and immediately inserted into the injection port of the gas chromatograph-mass spectrometer for analysis. A conventional gas chromatograph-mass spectrometer (GC6890N/5975C MS, Agilent, Palo Alto, CA) was the base platform. The system was equipped with a 60-m DB-1 column (J&W Scientific, Folsom, CA) that had an i.d. of 0.32 mm and a film thickness of 5.0 μm. The desorption time of an SPME fiber was 10 min at 250°C with a 0.75-mm injection port liner. The temperature program used was as follows: 32°C initial, 5-min hold; 3.5°C/min to 118°C, 0-min hold, 25°C/min to 250°C, and 10-min hold (Kim et al., 2002) . A mixedstandards gas (10.4 mg/L of DMS and 9.9 mg/L of DMDS, Research Institute of Gas Analytical Science, South Korea) was used for quantification. In this study, the recovery of sulfuric compounds in Tedlar bags was greater than 85%. Detection limits for DMS and DMDS were 0.11 and 0.26 μg/L, respectively.
Statistical Analysis
The statistical evaluation was carried out with an SPSS software package (SPSS Inc., Chicago, IL). Comparisons of each variable across seasons were first performed with standard ANOVA F-tests of equality of means at a 5% significance level. Multiple comparisons between means of a factor were then performed using Bonferroni t-tests with an α-value of 0.05. Pairwise correlations (Kendall's τ-b correlation coefficients) were calculated among the different factors, such as microclimate variables, PM, airborne bacteria, and odorous compounds.
RESULTS AND DISCUSSION

Microclimate Variables in the Nursery Houses
Means of microclimate variables in the nursery houses during the year are presented in Table 1 . The mean values for microclimate variables in the nursery houses across all seasons within the year were 25.8°C for temperature, 68% for relative humidity, and 0.12 m/s for air speed (Table 1 ). There were significant differences between seasons and microclimate variables (P < 0.01). The temperature (32.6°C) and air speed (0.25 m/s) during summer were the highest (P < 0.05) of the 4 seasons. Because of the high temperature, farm managers maximized the ventilation to increase the convection heat loss of the nursery pigs. Conversely, farm managers reduced the ventilation and provided extra heaters during the cold winter season. With this management practice, there were no significant differences in the temperature in winter compared with those in spring and fall. However, the air speed in winter was less than in spring, summer, and fall. Air speed affects evaporation as well, which possibly explains the fact that relative humidity in winter was much greater than in other seasons.
It is recommended that temperature and relative humidity in the nursery facility be in the range of 21.1 to 26.7°C (Jones and Friday, 1980) and 40 to 70% (Mui et al., 2008) , respectively. For air speed, it is recommended that maximum air speed be 0.2 m/s in winter and 1.0 m/s in summer (Wang and Wu, 1999) . Usually, within the thermal neutral zone of piglets, the normal body temperature is approximately 39.0°C, and the surface temperature represents a range from 33.5 to 35.4°C (Esmay and Dixon, 1986) . Compared with the recommended microclimate temperatures in the nursery facility, the mean temperature in summer was 5.9°C greater than the maximum recommended value. On the other hand, the mean relative humidity in most of the nursery houses was within the recommended range, except for a greater relative humidity in the winter, and the air speeds were all below the maximum recommended speed. However, the high relative humidity could be controlled by properly increasing the air speed in winter.
PM, Airborne Bacteria, and Odorous Compounds in the Nursery Houses
Mean values of airborne particulates, airborne bacteria, and odorous compounds in the nursery houses are Aerial contaminants in swine nursery houses shown in Table 2 . Except for PM 2.5 and PM 1 , the seasons influenced concentrations of PM significantly (P < 0.01). The concentrations of PM 7 , PM 10 , and TSP in summer were the least among the 4 seasons (P < 0.05) because the relatively larger particulates were much easier to remove from the houses by increased ventilation. A result similar to this was reported by , who found that the dust concentrations in pig buildings were greater during winter than during summer.
The mean concentration of total airborne bacteria in the nursery houses was 4.04 log (cfu/m 3 ). Kim et al. (2008) found a similar concentration of total airborne bacteria [4.13 log (cfu/m 3 )] in pig facilities in Korea. Pavičić et al. (2006) also found that the concentrations of coliform bacteria in a fattening house varied from 2.31 to 2.52 log (cfu/m 3 ). The airborne coliforms and E. coli in this study were in the range of 2.08 to 2.43 log (cfu/m 3 ) and 1.36 to 3.04 log (cfu/m 3 ), respectively. Additionally, the concentrations of coliforms and E. coli were both greater in summer (P < 0.05) than in other seasons.
All the main odorous compounds varied significantly (P < 0.05) across seasons, with the exception of DMDS. For ammonia, the threshold limit value of the time-weighted average is 25 mg/L (ACGIH, 2004) . Based on our field experiments, the ammonia concentrations were all less than the threshold limit value of the time-weighted average, with a range of 3.26 to 10.62 mg/L. Several other previous studies reported that the concentrations of ammonia in nursery houses ranged from 6.00 to 12.59 mg/L (Radon et al., 2002; Kim et al., 2005; Hayes et al., 2006) , which were similar to the results of this study. It is also worth noting that 2 In this study, spring was from March to April; summer was from June to July; fall was from September to October; and winter was from December to January of the next year.
3 For each variable, P-value was used to determine the significance of means among the 4 seasons. 4 For each variable, arithmetic means ± SD were calculated with all available data throughout the year. Data are presented as arithmetic means ± SD of 15 commercial pig farms located in 6 provinces of South Korea.
2 PM 10 = PM mean aerodynamic diameter ≤10 μm; PM 7 = PM mean aerodynamic diameter ≤7 μm; PM 2.5 = PM mean aerodynamic diameter ≤2.5 μm; PM 1 = PM mean aerodynamic diameter ≤1 μm; TSP = total suspended particles; TAB = total airborne bacteria; TC = total coliforms; TE = total Escherichia coli; DMS = dimethyl sulfide; DMDS = dimethyl disulfide. the ammonia concentration in spring was greater (P < 0.05) than ammonia concentrations in other seasons. The concentration ranges of DMS and DMDS were 3.26 to 14.60 μg/L and 1.63 to 4.45 μg/L, respectively. The concentration of DMS in winter was the greatest (P < 0.05), followed by concentrations in fall, spring, and summer. Furthermore, significant differences in DMS concentration were found between spring and winter, summer and fall, and winter and summer (P < 0.05).
Correlations Between Microclimate Variables and Airborne Particles
Kendall's τ-b correlation coefficients for microclimate variables and PM are presented in Table 3 . All the significant correlations between airborne particulates and temperature were negative, especially in summer (P < 0.05). Vučemilo et al. (2008) found that temperature could influence PM as well. In hot climates, pigs rested 63 to 95% of the time to reduce their heat production, and during the resting time, pigs in hot environments kept a sufficient distance from one another and were normally lying on their flanks (Steinbach, 1987) . During the sampling time from 1000 to 1100 h, the temperature was reaching a peak and most of the piglets were resting. Therefore, fewer airborne particulates were produced by piglets, and the negative correlations between temperature and PM are reasonable.
The concentrations of PM were influenced by relative humidity. The concentrations of PM 7 and TSP in spring were negatively correlated with relative humidity (P < 0.05); the relative humidity and the concentrations of PM 10 and TSP in fall showed negative correlations (P < 0.01). This result is in agreement with the report by Banhazi et al. (2008) . The relatively large size of airborne particulates allows for absorbance of more moisture from the air when the humidity increases. Therefore, the settling rate also increases. However, over all the seasons within the year, significant positive correlations (P < 0.05) were observed between relative humidity and PM 2.5 and PM 1 , possibly because small particles do not settle easily within high humidity. Further study is necessary to reveal the mechanism by which the relative humidity affected PM 2.5 and PM 1 .
Air speed is another important environmental factor in controlling the living conditions for nursery pigs. Negative correlations were found between PM 7 , PM 10 , TSP, and air speed over the entire year (P < 0.05) because air speed could affect the transfer of airborne particulates out of the houses under high ventilation. However, the mean air speed in winter was significantly less than over all the seasons within the year (P < 0.001), which was caused by the pig farm management practices mentioned earlier. Under the conditions of a low air speed and ventilation rate, the PM was not easily moved to the outside. Therefore, there were significantly positive correlations between PM 7 , PM 10 , and air speed in winter. tions were found between the airborne bacteria counts and temperature in the different seasons. Only significantly positive correlations between total coliforms, total E. coli, and temperature were found during the whole year (P < 0.05). The correlations between temperature and coliform bacteria also explained the seasonal differences in E. coli and coliforms. Because the activity of coliform bacteria was closely related to the temperature (Ehrlich et al., 1970; Smith, 1985) and its growth rate increased as the temperature increased (20 to 37°C; Don, 2008) , E. coli and coliforms were both greatest in summer (P < 0.05). For total airborne bacteria, there was no evidence that might suggest a relationship with temperature. Therefore, seasonal differences did not significantly affect total airborne bacteria. Airborne bacteria have a low survival capability under a relative humidity of 40 to 70% (Miu et al., 2008) , and within this range, the survival of E. coli decreased with an increase in relative humidity (Cox, 1970) . Therefore, a negative correlation between relative humidity and total E. coli was observed in summer (P < 0.05). However, the relative humidity in winter was more than 70% and was amenable to the growth of microorganisms. Therefore, the relationship between relative humidity and total coliforms was positive (P < 0.05).
Correlations Between Microclimate Variables and Airborne Bacteria
Positive correlations between total airborne bacteria (P < 0.05), total coliforms (P < 0.01), total E. coli (P < 0.01), and air speed were observed over the entire year. It is possible that increased air speed could lift the particles of dried feces and skin debris from the floor into the air, thereby increasing the chance of bacteria entering the air. Therefore, airborne bacteria were positively correlated with air speed throughout the year.
Correlations Between Microclimate and Odorous Compounds
Correlations between microclimate and odorous compounds are shown in Table 5 . Negative correlations between temperature and ammonia were observed in spring (P < 0.01), winter (P < 0.05), and the entire year (P < 0.01). However, Kim et al. (2005) obtained a different result, specifically, a positive correlation between ammonia and temperature. The contrasting results suggest that the phenomenon is complicated and likely depends on the relationship between humidity and airborne particles, the water-carrying capacity of air in relation to temperature, and the affinity of water molecules for odorous compounds (Miller et al., 2003) .
Other negative correlations were observed between temperature or relative humidity and DMDS (P < 0.05). Similar to our study, Miller et al. (2003) found that odor emissions decreased as temperature and relative humidity increased after monitoring 26 swine houses on 10 farms. A negative correlation was observed between air speed and DMS over the whole year (P < 0.01). Although the relationship between air speed and DMDS was not significant, the negatively correlated trend still existed. Most likely, more odorous compounds could be transferred out of the nursery houses as a result of stronger ventilation under greater temperature. To some extent, air speed might negatively influence the anaerobic conditions for the production of sulfuric compounds. This result also illustrated that the concentration of DMS was least in summer and greatest in winter.
Correlations Among PM, Airborne Bacteria, and Odorous Compounds over the Entire Year
The relationships among the aerial contaminants are reported in Table 6 . Because of similar properties, intercorrelations of each group of airborne contaminants were positive. As mentioned earlier, temperature and odorous compounds were negatively correlated, whereas a positive correlation was observed between temperature and airborne bacteria. Thus, it could be deduced that there were negative correlations between the concentrations of DMS, DMDS, and each type of airborne bacteria (total E. coli, total coliforms, and total airborne bacteria; P < 0.05). The odorous compounds were also significantly correlated with PM; ammonia was positively correlated with PM 10 (P < 0.05), and DMS was positively correlated with PM 10 , PM 7 , TSP (P < 0.01), and DMDS (Table 6 ). Such positive correlations can be attributed to the capability of the airborne particulates to carry odorous compounds.
Conclusions
In this study, the effects of microclimate on airborne PM, airborne bacteria, and odorous compounds were assessed in nursery houses on 15 commercial farms in South Korea. Significant correlations were observed between the values of microclimate variables and airborne contaminants in the 4 seasons. Positive correlations were observed between temperature and airborne bacteria, air speed, and airborne bacteria. Negative correlations were found between temperature and PM, relative humidity and relatively large airborne particulates, air speed and PM, and air speed and odorous compounds. Based on the results of this study, some strategies could be helpful in maintaining the living conditions of nursery pigs, such as increasing the air speed and moisture in summer to reduce the room temperature and heat stress of piglets, and reducing the relative humidity in winter to decrease the concentration of airborne coliform bacteria. However, the relationship between microclimate variables and odorous compounds is not clear. PM 10 = PM mean aerodynamic diameter ≤10 μm; PM 7 = PM mean aerodynamic diameter ≤7 μm; PM 2.5 = PM mean aerodynamic diameter ≤2.5 μm; PM 1 = PM mean aerodynamic diameter ≤1 μm; TSP = total suspended particles; TAB = total airborne bacteria; TC = total coliforms; TE = total Escherichia coli; DMS = dimethyl sulfide; DMDS = dimethyl disulfide. *P < 0.05 (2-tailed); **P < 0.01 (2-tailed).
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